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Androgen deprivation therapy is initially effective for treating patients with advanced prostate cancer; however, the prostate cancer gradually becomes resistant to androgen deprivation therapy, which is termed castration-resistant prostate cancer (CRPC). Androgen receptor splice variant 7 (AR-V7), one of the causes of CRPC, is correlated with resistance to a new-generation AR antagonist (enzalutamide) and poor prognosis. Heat shock protein 70 (Hsp70) inhibitor is known to decrease the levels of full-length AR (AR-FL), but little is known about its effects against CRPC cells expressing AR-V7. In this study, we investigated the effect of the Hsp70 inhibitors quercetin and VER155008 in the prostate cancer cell line LNCaP95 that expresses AR-V7, and explored the mechanism by which Hsp70 regulates AR-FL and AR-V7 expression. Quercetin and VER155008 decreased cell proliferation, increased the proportion of apoptotic cells, and decreased the protein levels of AR-FL and AR-V7. Furthermore, VER155008 decreased AR-FL and AR-V7 mRNA levels. Immunoprecipitation with Hsp70 antibody and mass spectrometry identified Y-box binding protein 1 (YB-1) as one of the molecules regulating AR-FL and AR-V7 at the transcription level through interaction with Hsp70. VER155008 decreased the phosphorylation of YB-1 and its localization in the nucleus, indicating that the involvement of Hsp70 in AR regulation might be mediated through the activation and nuclear translocation of YB-1. Collectively, these results suggest that Hsp70 inhibitors have potential anti-tumor activity against CRPC by decreasing AR-FL and AR-V7 expression through YB-1 suppression.
A lthough progress has been made in the diagnosis and treatment of prostate cancer, the morbidity of prostate cancer remains high. Prostate cancer has one of the highest prevalence rates of all cancer types, with an estimated 161 360 newly diagnosed cases per year, and is the third leading cause of cancer-related deaths, with an estimated 26 730 deaths in 2017 among men in the USA. (1) The growth and progression of prostate cancer depend on androgen hormones such as dihydrotestosterone. Therefore, ADT is the standard of care and is generally initially effective for treating patients with advanced prostate cancer. (2) However, most cases of prostate cancer eventually become resistant to ADT within 2-3 years. This state is termed CRPC, which is associated with a poor outcome. The mechanisms of CRPC development include AR amplification and hypersensitivity, AR splice variants, AR mutations, androgen-independent AR activation, and alternative androgen production. Among these factors, the presence of AR splice variants has been shown to play a substantial role in the emergence of CRPC. Androgen receptor splice variant 7, one of the major splice variants expressed in human prostate cancer, is constitutively active, and its transcriptional activity is not regulated by androgens or anti-androgens. (3) The expression of AR-V7 has been shown to accurately reflect the resistance to a novel AR antagonist (enzalutamide) and an androgen biosynthesis inhibitor (abiraterone), (4) and is associated with poor cancer-specific survival. (5) Androgen receptor-V7 lacks the C-terminal LBD but harbors the N-terminal transactivation domain. Because enzalutamide exerts its antitumor activity by interacting with the LBD of the androgen receptor, AR-V7 is associated with enzalutamide resistance. Moreover, AR-V7 is constitutively active without the ligand, and thus, also confers resistance to ligand-depleting agents such as abiraterone. (4) Therefore, AR-V7 has been investigated as a potential biomarker and therapeutic target for CRPC. (6) Indeed, several novel drugs against AR-V7 have already been tested in clinical trials. Niclosamide inhibits AR-V7 transcriptional activity and decreases AR-V7 levels through a proteasome-dependent mechanism.
(7) EPI-001 interacts with the AR N-terminal transactivation domain and attenuates AR and AR-V transcriptional activity. (8) Furthermore, it is now well established that CRPC is resistant to ADT, but that AR remains an important driver in this progression. (9) Therefore, AR in addition to AR-V7 might be important therapeutic targets in CRPC worthy of investigation.
Heat shock proteins are molecular chaperones that play important roles in the folding of misfolded proteins, and in the regulation of cellular signals and transcriptional networks. (10) human cancers and are implicated in tumor cell proliferation, differentiation, invasion, metastasis, and death. (11) In prostate cancer, Hsp70 and Hsp90 have cytoprotective effects, such as in the inhibition of apoptosis, (12) cell cycle modulation, (13) invasion and metastasis, (14) and AR transcriptional activity and stability. (15) Therefore, in the last decade, Hsp inhibitors have been highlighted and explored as potential targets for anticancer therapy, and clinical trials have been carried out. (16) Heat shock protein 90 inhibitors have been reported as potentially effective treatments for CRPC by depressing the expression levels of AR-FL and AR-V7 through different mechanisms. In particular, an Hsp90 inhibitor was shown to increase the degradation rate of AR-FL and induced AR-V7 mRNA downregulation in vitro. (17) However, it is unknown whether Hsp70 inhibitors also reduce the expression of AR-V7, and the specific mechanism contributing to the observed effect of Hsp70 inhibitors to decrease AR-FL has yet to be elucidated. (18) LNCaP95 cells are a suitable CRPC cell line with which to explore these questions. LNCaP95 cells are derived from the LNCaP cell line, which is sensitive to ADT. LNCaP95 cells have been cultured under androgen-stripped serum conditions for a long time, making them resistant to ADT, and they express both AR-FL and AR-V7. In addition to this difference in ADT sensitivity, LNCaP95 cells and the parental LNCaP cells show qualitatively similar AR transcriptional responses. (19) Therefore, to expand the range of therapeutic targets and agents for prostate cancer, in this study, we investigated the effects of the Hsp70 inhibitors quercetin and VER155008 on LNCaP95 cells and the underlying mechanisms. Quercetin decreases Hsp70 expression through inhibition of heat shock factor 1, a transcription factor of Hsp70, whereas VER155008 is an ATP-derivative inhibitor of Hsp70.
Materials and Methods
Cell line and culture conditions. The human prostate cancer cell line LNCaP95 was a generous gift from Dr. Jun O. Luo (Johns Hopkins University, Baltimore, MD, USA). The LNCaP95 cells were cultured in phenol red-free RPMI-1640 medium (Thermo Fisher Scientific, Waltham, MA USA) supplemented with 10% charcoal-stripped FBS (Thermo Fisher Scientific) at 37°C in a humidified atmosphere with 5% CO 2 . The human prostate cancer cell line 22Rv1 was obtained from ATCC (Manassas, VA, USA) and cultured in RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS (Thermo Fisher Scientific) and 1% penicillin/streptomycin at 37°C in a humidified atmosphere with 5% CO 2 .
Western blot analysis. The cells were harvested and whole-cell lysates were prepared using lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 5 mM EDTA, 1% NP-40, and 0.65% CHAPS containing 1 mM PMSF and a protease inhibitor cocktail). Sample preparation and Western blot analysis were carried out as previously described (18) using antibodies against the following proteins: Hsp70, AR (N-20), b-actin, c-Jun, and Twist (Santa Cruz Biotechnology, Dallas, TX, USA); Hsp90, PSA, YB-1, phospho-YB-1, and phospho-Foxo3a (Cell Signaling Technology, Danvers, MA, USA); AR-V7 (Precision Antibody, Columbia, MD, USA); UBE2C (BostonBiochem, Cambridge, MA, USA); FKBP5, CREB, and Sp1 (Gene Tex, CA, USA); laminB1 (Abcam, Cambridge, UK); Foxo3a (Upstate, Temecula, CA, USA); a-tubulin (Calbiochem, San Diego, CA, USA); and HRP-conjugated secondary antibodies (GE Healthcare, Little Chalfont, UK).
Subcellular fractionation. The nuclear and cytosolic fractions were prepared using the LysoPure Nuclear and Cytoplasmic Extractor Kit (Wako, Osaka, Japan). The cytosolic subcellular fraction was extracted according to the manufacturer's instructions. The soluble and insoluble fractions of the nuclear fraction were combined.
IncuCyte live-cell imaging. Cell growth was monitored at 3-h intervals using an IncuCyte live-cell imaging system (Essen BioScience, Ann Arbor, MI, USA) as previously described. (20) In brief, LNCaP95 cells were seeded in a 24-well plate at 2.5 9 10 4 cells per well 48 h prior to cell monitoring. The cells were treated with 10-25 lM VER155008 (Tocris Bioscience, Bristol, UK), 10-50 lM quercetin, or DMSO (as a vehicle control) immediately following the initial image capture. For the annexin V apoptosis assay, the cells were seeded in a 96-well plate at 1 9 10 4 cells per well. The cells were then simultaneously treated with the Hsp70 inhibitors and IncuCyte Annexin V Red reagent for 48 h. Annexin V-positive cells were determined by counting of the red-stained objects with IncuCyte image analysis software.
Quantification of mRNA. Total RNA was extracted from the cells using an RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA was converted into cDNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). Transcript expression was measured by Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) using a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The transcript levels were normalized according to the levels of HSPA8. Data were obtained from three independent biological experimental replicates with three technical replicates. Primer sequences for real-time PCR were as follows: AR-FL forward 5ʹ-ACATCAAGGAACTCGATCGTATCATT GC-3ʹ, reverse 5ʹ-TTGGGCACTTGCACAGAGAT-3ʹ; AR-V7 forward 5ʹ-CCATCTTGTCGTCTTCGGAAATGTTATGAAG C-3ʹ, reverse 5ʹ-TTTGAATGAGGCAAGTCAGCCTTTCT-3ʹ; and HSPA8 forward 5ʹ-ACCTACTCTTGTGTGGGTGTT-3ʹ, reverse 5ʹ-GAGATAGCTTGGAGTGGTTCG-3ʹ.
Isolation of Hsp70 client proteins. Isolation of Hsp70-binding proteins and identification with MS was carried out as previously described. (21) For MS analyses, the cells were lysed in lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 5 mM EDTA, and 1% NP-40 containing 1 mM PMSF and a protease inhibitor cocktail). Cell lysates (500 lg protein) were precleared with inactivated NHS-Sepharose beads (GE Healthcare) for 30 min at room temperature, and immunoprecipitated using NHS-Sepharose beads conjugated to anti-Hsp72 antibodies or rat IgG antibody at room temperature for 3 h, as previously described. (21) The immunoprecipitates were then washed three times, and Hsp72 client proteins were eluted with 0.1 M glycine-HCl (pH 2.0).
Sample preparation. Mass spectrometry samples were desalted and concentrated by SDS-PAGE on a polyacrylamide gel, and the resulting gels were stained with Quick-CBB (Wako). Samples were excised from the gel, treated with 10 mM dithiothreitol, and then with 55 mM isoamyl alcohol. In-gel trypsin digestion (Promega, Madison, WI, USA) was then carried out, and the resulting peptides were sequentially extracted from the gel with 0.1% TFA. The samples were then desalted using StageTips with C18 Empore disk membranes (3M; St. Paul, MN, USA).
Proteomic analysis and database search. The gel-extracted peptides were dried, dissolved in a solution containing 0.1% TFA and 2% acetonitrile, and subjected to nano-liquid chromatography MS/MS analysis using an LTQ Orbitrap Velos Pro mass spectrometer system (Thermo Fisher Scientific) coupled with a nano-liquid chromatography instrument (Advance LC; Michrom BioResources, Auburn, CA, USA) and an HTC-PAL autosampler (CTC Analytics, Zwingen, Switzerland). Peptide separation was carried out with a silica capillary packed with a 3-lM C18 L-column (Chemicals Evaluation and Research Institute, Tokyo, Japan). Full MS spectra were obtained with Orbitrap in the mass/charge (m/z) range of 300-2000 with a resolution of 60 000 at m/z 400. The peak lists were generated using MSn.exe (Thermo Fisher Scientific) with a minimum scan/group value of 1, and were compared with the in-housecurated target/decoy SwissProt Release 2015_12 database (SwissProt database, 20 194 protein sequences; European Bioinformatics Institute, Cambridgeshire, UK) using the MASCOT algorithm (version 2.5.1; Matrix Science, Boston, MA, USA).
Criteria for protein identification. Scaffold software (version Scaffold_4.0.4; Proteome Software, Portland, OR, USA) was used to validate the MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they exceeded specific database search engine thresholds. The minimum requirement for MASCOT identifications was that the ion scores were greater than both the associated identity scores and 0.00. Protein identifications were accepted if they contained at least two identified peptides. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Immunofluorescence microscopy. LNCaP95 cells were seeded directly onto coverslips at 2.5 9 10 4 cells per well 2 days prior to fixation. Immunofluorescence staining was carried out as previously described. (22) Fluorescence images of the cells were obtained with a Leica TCS-SP5 confocal laser-scanning microscope (Leica, Wetzlar, Germany).
Results
Inhibition of Hsp70 repressed LNCaP95 cell proliferation and survival. We initially evaluated the effect of quercetin, an inhibitor of Hsp70 expression, on the proliferation of LNCaP95 cells. The IncuCyte live-cell imaging system showed that quercetin decreased cell proliferation in a dose-dependent manner (Fig. 1a, Fig. S1a ). To determine whether the quercetininduced suppression of cell proliferation was caused by chaperone activity of Hsp70, we further evaluated the effect of VER155008, an ATP-derivative inhibitor of Hsp70, on LNCaP95 cells. VER155008 also decreased cell proliferation in a dose-dependent manner (Fig. 1b, Fig. S1b ). Quercetin and VER155008 also decreased the proliferation of 22Rv1 cells expressing higher levels of AR-V7 (Fig. S2) . As both quercetin and VER155008 notably decreased cell proliferation, we assessed their effects on the induction of apoptosis by annexin V staining. Quercetin at >25 lM and VER155008 at >10 lM significantly increased the proportion of annexin V-positive cells (Fig. 1c,d ). These results suggested that the repression of cell survival by Hsp70 inhibition was ascribed to the chaperone activity of Hsp70, and that the Hsp70 inhibitors had antitumor effects on LNCaP95 cells.
Inhibition of Hsp70 decreased the expression of AR-FL and AR-
V7 and their signals. We next evaluated the effect of quercetin and VER155008 on the expression of AR-FL and AR-V7. Quercetin decreased the protein expression levels of both AR-FL and AR-V7 in parallel with the change in Hsp70 expression in a dose-dependent manner (Fig. 2a) . This suggested a potential association between Hsp70 and ARs in LNCaP95 cells. Moreover, VER155008 decreased the expression levels of AR-FL and AR-V7 in a time-dependent manner (Fig. 2b) . However, the depression of AR-V7 expression occurred earlier than that of AR-FL.
Although CRPC is resistant to ADT, ARs and their signals remain important for the survival of these cancer cells. Therefore, we also evaluated the effect of VER155008 on PSA and FKBP5 as markers of AR-FL signaling, and on UBE2C as a marker of AR-V7, signaling by Western blot analysis. VER155008 with R1881 decreased the PSA, FKBP5, and UBEC2 expression levels in a dose-dependent manner. VER155008 at 25 lM decreased not only the levels of the target proteins but also the expression levels of AR-FL and AR-V7, whereas there was barely any change in the levels of these proteins with treatment of VER155008 at 10 lM. As VER155008 competitively blocks the binding of ATP to Hsp70, the protein levels of Hsp70 were not affected, and the expression of Hsp90, which is involved in the nuclear translocation of AR-FL, was also not affected (Fig. 2c) . Overexpression of Hsp70 increased AR-FL and AR-V7 protein levels. The results described above indicated that Hsp70 inhibitors could repress the expression of ARs. Therefore, to investigate whether Hsp70 regulates the expression of ARs in LNCaP95 cells, we overexpressed Hsp70 by heat shock treatment. Heat shock-induced Hsp70 expression increased the protein levels of AR-FL and AR-V7 (Fig. 3a) , and these effects were negated by treatment with quercetin and VER155008. Quercetin decreased the levels of AR-FL and AR-V7, thereby suppressing the increase of Hsp70 (Fig. 3b) , whereas VER155008 also decreased the overexpressed levels of AR-FL and AR-V7, but did not change the overexpressed level of Hsp70 (Fig. 3c) . These results confirmed that Hsp70 regulates the expression of AR-FL and AR-V7.
Inhibition of Hsp70 decreased AR-FL and AR-V7 at the transcription level. Quantitative RT-PCR was carried out to clarify Proteins were identified at a 95% confidence level with the MASCOT algorithm.
whether such repression of AR-FL and AR-V7 expression by Hsp70 inhibitors occurs at the transcription level. Indeed, VER155008 significantly decreased the mRNA levels of AR-FL and AR-V7, indicating an effect at transcription (Fig. 4a) . We next confirmed the change in the levels of AR-FL transcription factors (23) in LNCaP cells, the parent cells of the LNCaP95 cell line, following VER155008 treatment. VER155008 slightly decreased the levels of CREB, Sp1, and phosphorylated Foxo3a, but did not change the levels of c-Jun and Twist (Fig. 4b) . Therefore, VER155008 might decrease AR-FL and AR-V7 expression levels by suppressing these transcription factors.
Heat shock protein 70 interacts with YB-1. Next, to identify the molecules involved in the regulation of AR-FL and AR-V7 under the control of Hsp70, we explored the Hsp70-binding proteins by immunoprecipitation and MS analysis. Sixty-two molecules were identified as candidate Hsp70-binding proteins ( Table 1, Table S1 ). We focused on the transcription factors among these molecules, particularly on YB-1, as it has been reported as a transcription factor of AR-FL in LNCaP cells, (24) and its protein level is correlated with AR-V7 expression in other CRPC cell lines, VCaP and 22Rv1. (25) To verify the results of MS, we validated the binding of Hsp70 and YB-1 by immunoprecipitation with anti-YB-1 antibody, which clearly revealed an interaction in LNCaP95 cells (Fig. 5a ).
Immunofluorescence showed that YB-1 was mainly localized with Hsp70 in the cytoplasm (Fig. 5b) . Moreover, treatment with quercetin or VER155008 for 24 h decreased the level of YB-1 expression and remarkably repressed the levels of phosphorylated YB-1 along with AR-FL and AR-V7 (Fig. 5c ). VER155008 also decreased the level of YB1 along with AR-FL and AR-V7 in 22Rv1 cells (Fig. S3) . To investigate whether Hsp70 is involved in the function of YB-1, we assessed the localization of YB-1 in both the cytosolic and nuclear fractions after Hsp70 blockade. YB-1 was only decreased in the nuclear fraction, and phosphorylated YB-1 was only detected in cytosolic fraction, which decreased with VER155008 treatment (Fig. 5d) . These results suggested that the Hsp70 inhibitors decreased AR-FL and AR-V7 through suppression of YB-1 expression and activity.
Discussion
Some of the mechanisms of resistance to ADT in prostate cancer have been elucidated. Among these mechanisms, androgen receptor splice variants have been investigated most extensively because they are associated with both prognosis and the development of drug resistance. Twelve androgen receptor splice variants that lack the LBD have been reported to date, including AR-V7 and AR, v567es which have been identified in clinical samples and correlate with cancer-specific survival. The majority of research has focused on AR-V7 because of its association with resistance to novel ADT. (26) In this study, we investigated the efficiency of two Hsp70 inhibitors, quercetin and VER155008, against LNCaP95 cells, a CRPC cell line expressing AR-V7. Although quercetin has previously been shown to reduce cell proliferation and AR-FL expression in prostate cancer, (18, 27) these studies did not indicate whether the effect was attributed to Hsp70 chaperone activity. Moreover, the role of Hsp70 in regulating the expression of AR-V7 is currently unclear. Our data revealed that the Hsp70 inhibitors had antitumor effects and decreased AR-FL and AR-V7 expression levels in LNCaP95 cells. Moreover, AR-FL and AR-V7 expression was upregulated along with overexpression of Hsp70 induced by heat-shock treatment, and these effects were negated by treatment with the Hsp70 inhibitors. These results suggested that Hsp70 regulates AR-FL and AR-V7, indicating that an Hsp70 inhibitor would be an effective therapeutic agent for prostate cancer, even for CRPC expressing both AR-FL and AR-V7.
Given that VER155008 depressed AR-FL and AR-V7 expression at the transcription level, we assessed the transcription factors of AR-FL. VER155008 slightly decreased the levels of CREB, Sp1, and phosphorylated Foxo3a, but not the levels of c-Jun and Twist. Therefore, we further investigated the molecule that binds with Hsp70 to control AR-FL and AR- V7 transcription using immunoprecipitation and MS, and the results revealed YB-1 as a strong candidate for this interaction. YB-1 is a member of a family of proteins containing an evolutionarily ancient cold-shock domain. This protein participates in DNA repair, pre-mRNA transcription and splicing, mRNA packaging, and regulation of mRNA stability and translation. (28) YB-1 has also been reported as a transcription factor of AR-FL in LNCaP cells, the parental cell line of LNCaP95. (24) Moreover, YB-1 expression levels are correlated with the level of AR-V7 protein, and phosphorylated YB-1 correlates with the transcription level of AR-V7 in VCaP and 22Rv1 cells, other CRPC cell lines expressing AR-V7. (25) Based on the known functions of YB-1, we assumed that Hsp70 regulates AR-FL and AR-V7 at the transcription level by interacting with and regulating YB-1 expression and activation. In addition, the transcription level of YB-1 was found to be upregulated over time as LNCaP cells were induced to transform to CRPC cells through long-term ADT exposure, suggesting that it plays a role as an oncogene. (29) In the present study, VER155008 reduced the YB-1 expression level in the nuclear fraction and the phosphorylation of YB-1, with the latter reduction being more remarkable. This suggests that Hsp70 might regulate the phosphorylation of YB-1 and its nuclear translocation, as phosphorylation of YB-1 at Ser102 is required for its nuclear translocation. (30) Moreover, previous reports related to YB-1 and AR-FL also suggest that Hsp70 inhibitors decrease AR-FL and AR-V7 mRNA levels by depressing the nuclear localization of YB-1.
Furthermore, AR-V7 expression was reduced earlier than AR-FL following VER155008 treatment, even though the halflife of AR-V7 is longer than that of AR-FL. (17) In addition, AR-V7 transcription should be correlated with the AR-FL mRNA level as AR-V7 mRNA is generated by the splicing of AR-FL mRNA. (31) Thus, our findings suggest that there is likely another mechanism by which Hsp70 inhibitors selectively decrease AR-V7, rather than AR-FL, at the protein level. The mechanism might involve an influence on the stability of AR-V7 protein by Hsp70 or an interaction of YB-1 with the splicing of AR-FL mRNA.
In summary, we have shown that Hsp70 inhibitors decreased cell survival, and suppressed AR-FL and AR-V7 expression with YB-1 inhibition in LNCaP95 prostate cancer cells. There are currently no Hsp70 inhibitors available for clinical use because of their high renal toxicity. (32) Thus, further development of clinically safe Hsp70 inhibitors is expected to provide a new line of valuable antitumor agents for treating CRPC by suppressing AR-FL and AR-V7.
